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ABSTRACT

The iron (Fe) catalyzed hydrogenation of nitrogen molecule for the production of a green ammonia molecule was 
carried out via the B3LYP/6-31G (d,p) computational simulation in a room condition at 25°C. The results revealed 
that the first step of the nitrogen hydrogenation. At the same, the N atom is showing a lower barrier in comparison to 
different N atoms which results in a more favorable reaction. Furthermore, the most favorable isomerization observed 
was from trans to cis-Fe(HNNH) with an energy of 9.18 kcal/mol in relative to the trans-Fe(HNNH). In addition, the 
lowest activation energy was obtained from the system for the trans to cis isomerization. Moreover, the barrierless 
reaction was observed during the formation of the FeN2H4 molecule. Additionally, the rate determines the stage of 
the molecular reaction is the hydrogen addition to the nitrogen molecule at the same position with an activation 
energy of 36.80 kcal/mol.
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INTRODUCTION 

The ammonia production industry can be regarded 
as one of the most important chemical industrial due 
to its promising potential in a wide range of different 
applications such as sustainable fuel source, an 
efficient energy storage and as a green fertilizer [1], [2]. 
It is estimated that the total worldwide production of 
ammonia exceeded 140 million tons and the demand 
continues to grow due to the increasing demand from 
worldwide consumers [3]. In the past few decades, 
the Haber-Bosch process has been widely used in the 
production of ammonia [2]. However, this process 
requires a high temperature (300-500°C) and pressures 
(200-300 atm) for mitigating the sluggish kinetics 
reaction and ammonia decomposition phenomenon 

occurs during the reaction [4]. Moreover, the high 
energy input around 485 kJ mol-1 had caused a major 
setback in the Haber-Bosch process [3]. 

Recently, the magnetic induction method has been 
regarded as one of the most promising synthesizing 
methods in replacing the conventional Haber-Bosch 
process due to its low temperature and pressure 
requirement as well as high ammonia yield production 
[5]. With this new method, the Nano-catalyst and 
magnetic energy were employed to induce the 
catalytic activity while simultaneously optimized the 
production output. In lieu of the good features of this 
magnetic induction method, the optimum amount 
of magnetic strength that is required for diamagnetic 
H2 addition reaction to N2 still remain a boundless 
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challenge facing this magnetic approach [5].  Despite 
the many great works produced previously on the 
successful production of ammonia via this magnetic 
induction method, the study on the theoretical 
reaction mechanism, thermochemical parameters in 
the presence of the iron catalyst using the magnetic 
induction is relatively scarce. To the best of authors’ 
knowledge, this is the first report specifically 
discussing the synthesis of ammonia via the magnetic 
induction method in the view of density functional 
theory study.  

COMPUTATIONAL STUDY

There are many geometry optimizations of stationary 
points such as reactants, intermediates, complexed 
states, and products of N2/H2/Fe which runs using 
B3LYP/6-31G (d,p) at an open-shell system. All models 
are using the quintet multiplicity [6]. The frequency 
calculation is continuously similar to the theory of 
characterization of the thermochemistry parameters 
at minima points with the imaginary frequency of zero 
and maximum points with the imaginary frequency 
of 1. The scaled factor is used by 0.9806 with respect 
to the same theory. In order to eliminate the known 
systematic errors in the frequency calculation, an 
internal reaction coordination method is used to 
connect the minima points according to reaction 
paths. All the DFT calculations presented here are 
performed in the Gaussian 09 program [7].

RESULTS AND DISCUSSIONS 

During the system simulation, the magnetic field is 
assumed to be stabilized at an open shell state of the 
system. The ground state of the system is denoted as 
a quintet state. It is expected to a minima magnetic 
strength that is required for the ammonia production. 
It is noteworthy to highlight that the exposure of 
Fe catalyst towards the molecular hydrogen will 
lead to a blockage of the active sites of catalyst, 
consequently limiting the catalytic reactions [7, 8]. 
The geometrical coordination position between Fe 
atom and the molecular nitrogen are located at an 

end and side-on bond. The DFT calculation results 
show that the ZPE of end-on coordination of 6.59 
kcal/mol is larger than that of side-on coordination of 
3.94 kcal/mol. This phenomenon leads to an increase 
in interatomic distance of N-N with 1.10 and 1.16 Aᵒ, 
respectively. Moreover, the weakening bond of side-
on coordination geometry is desirable as it is vital for 
the chemical activation of molecules [9]. On the other 
hand, the reaction between FeN2 and 2H2 or 3H2 is 
unused due to the collisions of the three particles 
in the gas phase are hardly observed. In addition, 
the (H2)2 molecule are unable to survive at a room 
temperature (25°C) and the bonding energy observed 
is less than 0.1 kcal/mol [10]. 

Figure 1 depicts the potential energy diagram along 
with the different reaction pathway. Based on Figure 
1, it can be deduced that there are two routes for the 
H2 addition process to Fe/N2, including the same N 
atom and different N atoms. For the similar N atom, 
an NNH2 geometry structure is resulted from the 
hydrogenated dinitrogen via the transiting structure 
of TS1b. A TS1b relative to initial reactants lies 36.80 
kcal/mol and the endergonic reaction is 21.99 kcal/
mol.

Similarly, the endergonic reaction of 27.63 kcal/mol 
can be formed by the H2 addition to different N atoms, 
leading to cis-Fe(HNNH) via the activated complex of 
TS1a with the energy of 58.04 kcal/mol linked to the 
FeN2 + H2 but not trans-Fe(HNNH) directly. However, 
the isomerization between trans and cis-Fe (HNNH) 
geometry occurs via the activation barrier of TS1c 
with an energy of 9.18 kcal/mol relative to trans-Fe 
(HNNH). Another isomerization occurs from Fe (NNH2) 
to cis-Fe (HNNH) with transition state of TS1d, 52.09 
kcal/mol and from Fe (NNH2) to trans-Fe (HNNH) that 
has TS1e with energy barrier of 37.33 kcal/mol relative 
to FeNNH2. Thus the most favorable isomerization is 
from trans to cis-Fe (HNNH). 

In the activation energy comparison of H2 addition 
to Fe/N2, the hydrogenation of the same nitrogen 
is significantly more favorable than the different 
positions of nitrogen because the energy of TS1b is 
less than that of TS1a. The IRC calculations confirmed 
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that the transition state indeed verifies and connects 
with the reactants and products. Meanwhile, in the 
activated complex structure of TS1b, the N-H bonds 
are regularly formed with a distance of 1.02 A°, but a 
H-H bond (1.67 A) is actually broken. Initially, the Fe-N 
bond has a distance of 1.95 A°, however, the observed 
DFT analysis found that the present Fe-N bond in 
the system has a shorter distance in comparison to 
the original Fe-N bond. Consequently, resulting in 
the N-N bond elongation of 1.35 A°. In the structure 
of TS1a, the H-H is stretched to 2.52 A° and forming 
N-H bond is regularly 1.03 A while another NH bond 
is elongated to 1.53 A° where Fe-N is only formed via 
the short distance of 1.81 A°, leading to forming N=N 
quasi-double bond of 1.30 A°.

Figure 1  Full possible pathways for the Fe + N2 + 3H2 → Fe +2NH3 via B3LYP/6-31G(d.p) level of theory.

In the arrangement of cis and trans geometry, the 
formation of the N-H bond of 1.02 A° rotates around 
N-N bond of 1.46 A° that is larger than the N-N bond 
of cis-N2H2 geometry (1.34 A°). The formation of the  
Fe-N bonds of 1.84 A° in trans-geometry are shorter 
than 1.97 A° in cis-geometry that is unformed. 
Meanwhile, in the N2H2 system, without the presence 
of a catalyst, the study was performed using a singlet 
state. For example, G2M//MP2/6-31G** performs an 

energy barrier that contains the transition state of 
NNH2 → trans-N2H2 of 46.5 kcal/mol, cis→trans-N2H2 
of 44 or vice versa 48.8 kcal/mol [11]. Moreover, the 
polarization of the B3LYP/6-311G** shown that the 
activation energy of trans→cis-N2H2 of 50.9 kcal/
mol [12], B3LYP/6-311G (2d, 2p) of cis→trans-N2H2 of 
44.4 kcal/mol and NNH2→trans-N2H2 of 53.8 kcal/mol 
[13], respectively. Interestingly, the lowest activation 
energy of trans-to-cis isomerization performed in this 
study is lesser compared to the previous literature 
[11]-[13].

Another possible reaction is that the cis-Fe(HNNH) 
hydrogenation yielding Fe(H2NNH2) via TS2a with a 
barrier of 1.36 kcal/mol correlated to cis-Fe(HNNH) + 

H2 (as shown in Figure 2). For instance, the H-H bond 
in TS2a is stretched to 2.42 A° compared to isolated 
H2 of 0.73 A°. The N-N bond is elongated by 0.1 A° 
and the Fe-N bond rupture increasing nearly twice in 
terms of the interatomic distance compared to those 
of cis-Fe(HNNH). All three types of various reaction 
pathways are the exergonic reaction of 3.25, 11.20, 
and 5.53 kcal/mol respectively. Additionally, another 
reaction pathway of Fe(HNNH2H) geometry is formed 
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by hydrogen addition to Fe(NNH2) via TS2b with a 
barrier of 16.59 kcal/mol. The endergonic reaction is 
calculated to be 14.63 kcal/mol. Adjusting the length 
of breaking H-H bond, 2.80 A° in TS2b, it is longer. 
However, the rupture distance of Fe-N bond is shorter 
than the TS2a. Furthermore, another isomerization 
of the FeN2H4 occurs between Fe(HNNH2H) and 
Fe(H2NNH2) that is a spontaneous reaction because 
the activated energy that carries a negative value of 
0.23 kcal/mol. 

Figure 2  List of geometries of intermediates, transition states, reactants and products of the Fe + N2 + 3H2 → Fe +2NH3 

via B3LYP/6-31G(d.p) level of theory

The last step of the hydrogen addition to FeN2H4 
occurs via a two reaction pathways. Based on the 
DFT analysis, there are two types of N2H4 geometry 
including the H2NNH2 and HNNH2H. However, in 
order to produce the NH3, both pathways of reaction 
cause an exergonic reaction with respect to their 
reaction energy of 48.82 and 66.72 kcal/mol. These 
processes take place via an activated complex which 
performs a negative energy of activation barrier of 
30.77 and 37.94 kcal/mol relative to Fe (H2NNH2) and 
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Fe(HNNH2H) respectively. This means that the H2 
addition to HNNH2H and H2NNH2 plays an important 
role of typically barrierless reactions in the last step. 
Both exergonic reactions represent a rupture of N-N 
bond via an activated complex structure.

Table 1  The relative energies of various elements in N2/H2/Fe system over B3LYP/6-31G (d,p)

Species relative energy Relative reaction energy relative energy 
barrier

FeN2 +H2 0

TS1a 58 58

TS1b 36.8 36.8

cis-Fe(NHNH) 21.9 21.9

TS1d 79.7 52.1

Fe(N=NH2) 27.6 27.6

TS1c 34.2 9.2

TS1e 64.9 37.3

trans-Fe(HNNH) 25.1 25.1

TS2a 23.3 1.3

TS2b 23.8 -3.8

TS2c 23 -2.1

TS2d 43.9 16.3

Fe(H2NNH2) 

16.5

-5.5

(relative to cis-Fe(NHNH))
-11.2

(relative to Fe(NNH2)
-3.2

(relative to trans-Fe(HNNH)
TS2e 39.4 -0.23
Fe(H2NNH2)

39.7
12

(relative to Fe(NNH2))
17.7

(relative to cis-Fe(NHNH))
TS3a -14.3 -30.8
TS3b -21.6 -37.9
Fe + 2NH3

-27
-48.8

(relative to Fe(H2NNH2))
-66.7

(relative to Fe(HNNH2H))

The N-N bond is elongated to 3.65 A° in the nitrogen 
hydrogenation of HNNH3 and it is larger than the 
N-N bond of 3.09 A° based on hydrogen addition 
to H2NNH2. The regular formation of the N-H bond 
is 1.02 A° but the H-H bond, which is stretched to 
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1.62 and 3.88 A° consequently, is broken during this 
reaction. However, both Fe-N bonds are not formed 
and an interatomic distance of 2.18 and 3.48 A° in 
hydrogenation to HNNH2H has a shorter than those of 
the 3.50 and 3.51 A° in hydrogen addition to H2NNH2. 
These results from the FeN2H4 formation and Fe + 
2NH3 final step are opposite to Hwang’s result with 
larger energy barrier above 30 kcal/mol, using BeO 
catalyst or no catalyst [11], [14]. In this research, the 
total reaction energy of ammonia production is an 
exergonic reaction of 27.03 kcal/mol relative to the 
initial reactants of FeN2 + 3H2. Table 1 summarized 
the relative energies of various elements in N2/H2/Fe 
system calculated at the B3LYP/6-31G(d,p) levels of 
theory.

CONCLUSION

The molecular reaction mechanism with Fe catalyzed 
hydrogenation of nitrogen molecule producing 
ammonia molecule is carried out using the B3LYP/6-
31G(d,p) computational simulation in a room 
condition at 25°C. The results display that first step 
of hydrogen addition to the same N atom is lower 
compared to those of different N atoms. However, 
in the next stage of the FeN2H4 formation, the 
barrierless reaction occurs but other transition states 
with a low barrier is present at TS2a and TS2b. Finally, 
the last step is to be barrierless in order to produce 
ammonia. The most favourable reaction pathways in 
the molecular reaction contains FeN2 + H2 → TS1b 
→ FeNNH2 with Ea=36.80 kcal/mol, FeNNH2 + H2 → 
FeH2NNH2, FeH2NNH2 + H2 → Fe + NH3 + NH3. The 
rate-determining stage of the molecular reaction is 
the addition of hydrogen to the nitrogen molecule 
at the same position. Therefore, to produce ammonia 
as simulation, the minimum external energy required 
should be equal to the activated energy during the 
first step of the nitrogen hydrogenation. 
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